Abstract
Introduction
Type 2 diabetes (T2D) is a metabolic disease defined by a fasting hyperglycemia frequently related to the progressive development of resistance towards insulin. According to the World Health Organization (WHO), the number of diabetic patients increased from 30 million in 1985 to 366 million in 2011 [1] . This number is expected to rise to 552 million in 2030. Therefore diabetes is considered epidemic [2] . The rapid increase in diabetes prevalence is strongly related to changes in lifestyle including reduced physical activity and dietary changes [1] . The development of T2D as well as other metabolic syndrome parameters (hypertension, dyslipidemia and obesity) are strongly related to the high consumption of sugar [3] and more specifically fructose consumption [4] . Fructose is commonly used as a sweetener for pastries and more often sweetened beverages like soft drinks.
In rodents, mainly Sprague Dawley rats, a diet high in fructose is already known to induce symptoms of metabolic syndrome and even T2D [5] [6] [7] [8] [9] . However, Sprague-Dawley rat are more sensitive towards T2D than Wistar rats [9, 10] . In the human population, as in Wistar rats, sensitivity towards T2D varies greatly from one individual to another. These studies mainly used a diet which fructose content was composed of 60-66% fructose which is not representative of human consumption [4] .
Little is known about the effects of fructose on the development of T2D in Wistar rats. Indeed, published studies differ greatly in terms of results. The diversity of study designs can be a possible explanation. Amongst the varying factors, age at the beginning of the study, duration of the study, quantity of fructose and administration methods can be mentioned. Thus, the aims of this study were first to develop a new model of Wistar rats representative of human fructose consumption and then to evaluate the impact of such consumption on the development of type 2 diabetes. As Tappy and Lê, (2010) [4] demonstrated, humans consume fructose mainly with sweet drinks, and began their high fructose consumption at very young age reaching the highest during teenage years and early adult life (19-22 years) .
Materials and Methods Animals
Experiments followed the French "Ministère de l'Éducation Nationale, de l'Enseignement Supérieur et de la Recherche" guidelines. The French "Ministère de l'Éducation Nationale, de l'Enseignement Supérieur et de la Recherche" approved this experiment (authorization n°2 269). Rats were euthanized with Ketamine (Ketamine 100, Virbac, 80mg.kg-1)/Xylazine (Rompun 2%, Bayer, 12mg.kg-1) injected intramuscularly (into the left back leg), the detailed procedure is described below. 32 Male Wistar rats (Janvier labs), 3 weeks old (weight under 49g, Janvier labs, Le Genest Saint Ile, France), were housed individually in a light (12h:12h light/dark cycle) and temperature (21°C ± 1°C) controlled animal facility. Rats were all fed with a standard chow (Kliba Nafag, M/R Maintenance). Randomly chosen rats had either tap water (C; n = 16) or a fructose enriched drink (20% w/v from age 3 weeks to 9 weeks and 25% w/v from age 10 weeks to 15 weeks) (FF; n = 16). Fructose enriched drinks were changed every couple of days; water bottles were sterilized every week.
Rats were weighed weekly. To study the progressive effects of fructose supplementation on young Wistar rats, after the first six weeks of a fructose enriched diet (age: 9 weeks) half of the rats in each group (n = 8) were euthanized, the other half remained in the study for another six weeks before being euthanized (age: 15 weeks). Rats were euthanized with Ketamine (Ketamine 100, Virbac, 80mg.kg -1 )/Xylazine (Rompun 2%, Bayer, 12mg.kg -1 ) injected intramuscularly (into the left back leg). Blood was collected intraventricularly, plasma was then obtained after 15min at 1000g centrifugation and immediately frozen in liquid nitrogen and stored at -80°C until further analysis. The hearts were collected, and residual blood was removed and then weighed to calculate the heart volume. The gastrocnemius and left ventricle were collected for antioxidant enzyme measurements and immediately frozen in liquid nitrogen and then stored at -80°C before measurements. The heart volume (% body weight) was calculated as followed:
heart volume ð% bwÞ ¼ heart weight ðgÞ body weight ðgÞ Â 100
Systolic blood pressure was measured at 8 weeks, using a tail cuff blood pressure system (Model 29 pulse amplifier with tail cuff sensor and adapted rodent restrainer, iitc incorporated). Rats were acclimated to the blood pressure system for 4 days before measurement.
Glucose tolerance and insulin resistance measurements
After 15h fasting, glucose was measured in blood collected by a single prick onto the mandibular veins (allowing only one drop to come off) using a glucometer (Accu-Chek Performa, Roche, Meylan, France) [11] .
For oral glucose tolerance test (OGTT), tips of the tails were anesthetized using a local anaesthetic (Anesderm 5% Gé, Lidocaïne (2.5%), Prilocaïne (2.5%), Pierre Fabre Dermatologie) and then cut to allow the blood to flow. The first drop was used to measure fasting glycemia (0min). A high dose of glucose (1g/kg) was then given to ingest using 0.5g/mL glucose syrup. Glycemia was then monitored for 2 hours with measurements taken at 15min, 30min, 45min, 60min, 90min and 120min after the glucose ingestion. During OGTT, blood samples (250-300μL) were collected into Lithium-Heparin tube (Microvette, Sarstedt) from the tail each time glycemia was evaluated (0, 15, 30, 45, 60, 90 and 120min). OGTT were performed twice: at age 9 and 13 weeks.
Plasma from the OGTT blood sample was obtained after 5min centrifugation at 2000g. Plasma was then frozen and stored at -80°C before further analysis. Insulin concentration was evaluated on those plasma samples using ELISA methods (Rat Insulin Elisa, ALPCO, Eurobio, Courtaboeuf, France).
From OGTT and insulin concentration data, two insulin resistance and sensitivity indicators were determined: the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) and then the Insulin Sensitivity Indices for glycemia (ISI-gly). Matsuda et al. have shown that both HOMA-IR and ISI-Gly correlated with euglycemic insulin clamp, even though the correlation was better for ISI-Gly. HOMA-IR was calculated using a HOMA-IR calculator software [12] , software available at https://www.dtu.ox.ac.uk/homacalculator, Oxford University) and using OGTT data, i.e. fasting insulinemia and fasting glycemia were taken at t = 0min (before the ingestion of a high dose of glucose (1g/kg bw)). ISI-gly was calculated as followed [13] :
Blood biochemistry: metabolic syndrome markers Blood chemistry measures were done on a Koné lab 20 (Thermo Scientific) using an adapted kit for: Aspartate aminotransferase activity (ASAT)(Biomérieux), Alanine aminotransferase activity (ALAT) (Biomerieux), Creatinine (Jaffé method, Fisher Brahms), Albumin (Bromocresol green method, Biomérieux), Non-esterified fatty acid (NEFA) (Wako), Triglycerides (PAP methods, Biomérieux), total Cholesterol (Cholesterol RTU, Biomérieux). The ASAT/ALAT ratio was then calculated.
Different molar ratios were calculated as a part of the lipids levels evaluation: NEFA to cholesterol ratio [14] , NEFA to Albumin ratio [15] , and Cholesterol to triglycerides ratio [16] .
Theoretical creatinine clearance was calculated using the Cockcroft and Gault formula [17] , that has been already used in rat model [18] .
Theoretical creatinine clearance ðml=minÞ ¼ ð140 À age ðyearsÞÞ Ã body weight ðkgÞ ðcreatinine ðmg=dLÞ Ã 72Þ
Measurements of antioxidant capacity 300mg of either the left gastrocnemius or left ventricle (LV) were homogenised in a 4°C Tris-EDTA buffer (75mM/5mM) with an ultrathurax. The homogenate was then centrifuged for 10min at 100g, 4°C. The supernatant was then centrifuged for 10min at 12000g, 4°C. The supernatant was kept at -80°C until analysis. Proteins levels were measured using the BCA method (Interchim Uptima Protein Quantification kit). An automated plate reader was used for the analysis (SAFAS, Monaco). Superoxide dismutase (SOD). SOD activity was measured indirectly using the method that inhibits the adrenaline to adenochrome reaction [19] with the xanthine/hypoxanthine reaction as a superoxide anion producer (adapted from [20] ). SOD activity was measured at 480nm (Evolution 201, Thermo-Scientific) One SOD activity unit (USOD) is defined as the quantity of enzyme needed to inhibit 50% of the adenochrome production in the absence of tissue extract. SOD activity is expressed in USOD/mg protein.
Catalase (CAT). Measurements of the CAT activity were done using the Cat capacity to degrade hydrogen peroxide (H2O2) in water and oxygen (H2O +O2) [21] .The kinetic of H2O2 disappearance is measured using a spectrophotometer at 240nm (Evolution 201, Thermo-Scientific). CAT activity is expressed in nmol H2O2 transformed/min/mg protein.
Glutathion Peroxidase (GPx). GPx activity levels are measure indirectly, using the GPx capability to reduce, in presence of reduced Glutathion (GSH), a hyperoxide to alcohol and water. This capability, when coupled with glutathione reductase reaction, enabled us to follow GPx activity by measuring the kinetic rate of NADPH oxidation to NADP+ at 340nm (Evolution 201, Thermo-Scientific) at 340nm (adapted from [22] ). GPx activity is expressed in nmol NADPH oxidized/min/mg protein.
Statistics
All results are expressed as mean ± standard error of mean (SEM). All statistics were performed using Statistica v. 10 software (StatSoft, France). Normality of population was tested using the Shapiro-Wilk test. Adapted tests were then performed (Student t test, Mann and Whitney U test, ANOVA for repeated measures). ANOVA were followed by a post hoc test (HSD).
Supporting information
Raw data are available as supplementary material (S1 Fig, S1 -S7 Tables).
Results
Bodyweight, fasting insulin, theoretical creatinine clearance, plasma ASAT/ALAT ratio, albumin and lipid level 4 .11±0.47, p<0.05). It can be noticed that the ASAT/ALAT ratio is mainly modified by ALAT levels increasing, as ASAT levels remained stable. No statistical difference has been identified at this age, although NEFA had tendency (p = 0.054) to be increased under fructose supplementation. Neither total cholesterol, nor NEFA/Total cholesterol ratio, nor NEFA/Albumin ratio were modified in our study.
Oral glucose tolerance test and corresponding insulin levels
OGTT was performed twice: at age 9 and 13 weeks (Fig 1A and 1B) . Insulin levels were measured concomitantly (Fig 1C and 1D) . At age 9 weeks, OGTT results showed that FF rats had a higher glycemia than C rats at both 90 and 120 min after the ingestion of a high dose of glucose (90min: FF 112.1±3.4 vs. C 101.6±1.4 mg/dL, p<0.05; 120min: FF 104.4±2.0 vs. C 96.8±1.4 mg/dL, p<0.01) (Fig 1A) . Concomitantly insulin levels were higher at 15 and 45min after the ingestion of glucose (15min: 1.62±0.18 vs. 1.07±0.15 ng/mL; 45min: 0.81±0.17 vs. 0.38±0.08 ng/mL, both p<0.05) (Fig 1C) . At age 13 weeks, OGTT results (Fig 1B) showed that compared to the control diet, fructose supplementation increased glycemia at both 15 and 90min after the ingestion of a high dose of glucose (15min: 149.9±6.5 vs. 126.3±6.1 mg/dL; 90min: 119.1±2.9 vs. 110.6±0.8 mg/dL, both p<0.05). Simultaneously, 15 and 30min after the ingestion of high dose of glucose, insulin levels were higher for the FF compared to the C (15min: 4.32±0.26 vs. 1.60±0.20 ng/mL, p<0.001; 30min: 2.84±0.43 vs. 1.72±0.13 ng/mL, p<0.01).
Insulin resistance indicator: HOMA-IR and ISI-gly
HOMA-IR (Fig 2A) and ISI-gly ( Fig 2B) were calculated from OGTT data. At age 9 weeks, compared to the control diet, fructose supplementation has no statistically relevant effect on HOMA-IR (p = 0.07), however this supplementation reduced ISI-gly values (FF: 0.21±0.02 vs. C: 0.37±0.10, p<0.05). Interestingly, at age 13 weeks, fructose supplementation had statistically significant effects on both HOMA-IR and ISI-gly. Indeed, FF rats had a higher HOMA-IR value than C rats (2.87±0.43 vs. 1.62±0.15, p<0.05), and had lower values of ISI-gly (0.076 ±0.007 vs. 0.113±0.009, p<0.01).
Systolic blood pressure and heart volume
Systolic blood pressure (Fig 3A) was only measured at 8 weeks of age. In FF rats systolic blood pressure was significantly increased (FF: 137.3±3.4 vs. C: 111.2±2.1 mmHg, p<0.001). Furthermore, at both age 9 and 15 weeks, FF had a higher heart volume compared to C (9 weeks: 0.31 ±0.01 vs. 0.28±0.01% bw; 15 weeks: 0.32±0.01 vs. 0.25±0.01% bw, p<0.05) (Fig 3B) .
Enzyme activities: antioxidant enzyme
Three antioxidant enzyme activities were measured: SOD, GPx and CAT (Table 2) . Whilst GPx activity remained at the same level for any age (9 and 15 weeks) and tissue (left ventricle and gastrocnemius) studied, SOD and CAT activities varied amongst our groups (FF and C). Fructose supplementation increased SOD levels in the left ventricle and gastrocnemius at age 9 and 15 weeks (9 weeks: heart: 4.68±0. 24 
Discussion
The purpose of this study was to establish a model of type II diabetes and insulin resistance in fructose fed Wistar rats, using a diet as close as possible to human consumption. Indeed Tappy and Lê, (2010) [4] highlighted the lack of studies close to the actual human consumption of Table 1 . Effects of fructose supplementation on bodyweight, fasting glycemia, theoretical creatinine clearance and plasma ASAT, ALAT, albumin and lipid levels. Effects of fructose supplementation on oral glucose tolerance test and its corresponding insulin level at age 9 and 13 weeks.
(1 A and B) Glycemia (mg/dL) is represented as a function of the time (min); at age 9 weeks, n = 8 for both C and FF, at age 13 weeks n = 7 for C rats and n = 8 for FF rats.
(1 C and D) Insulin levels (ng/mL) are represented as a function of the time (min); at age 9 weeks, n = 6 for both C and FF, at age 13 weeks n = 7 for C rats and n = 7 for FF rats. FF: fructose supplemented; C: control. Statistical values: *<0.05, **<0.01, ***<0.001.
doi:10.1371/journal.pone.0146821.g001
Fig 2. Effects of fructose supplementation on Insulin Sensitivity Indices for glycemia (ISI-gly) and Homeostasis Model Assessment for Insulin
Resistance (HOMA-IR). (2A) ISI-gly was calculated at both 9 and 13 weeks. (2B) HOMA-IR was calculated at both 9 and 13 weeks. FF: fructose supplemented; C: control. For both indicator: at age 9 weeks n = 6 for both C and FF, at age 13 weeks n = 7 for C rats and n = 7 for FF rats. fructose: 50g/d for a man, mostly consumed with sweet beverages, beginning as early as 6 years old. Some studies had begun to define more realistic diets using Sprague-Dawley rats [23] . However this specific rat strain is known to be more sensitive towards T2D than Wistar rats [9, 10] , thus making Sprague-Dawley less representative of the human population, where sensitivity towards T2D varies greatly from an individual to another. Wistar rats are, by their varied sensitivity towards T2D, closer to the human population. The existing studies on Sprague Dawley rats showed that a high fructose diet can induce various signs of metabolic syndrome (hyperglycemia, reduced glucose tolerance, insulin resistance, weight gain. . .) as well as T2D [5] [6] [7] [8] [9] . Our study on Wistar rats using a realistic diet is consistent with these previous findings. Indeed, 6 weeks of fructose supplementation are sufficient to induce an increase in fasting glycemia (Table 1 ) associated with a reduced glucose tolerance (shown with the significant differences observed during OGTT, as no baseline exists for this parameter in Wistar rats) ( Fig  1A) . The same conclusion can be drawn after 12 weeks of fructose supplementation (Table 1 , Fig 1B) . Regarding fasting glycemia (FF: 98.28±3.21; C: 88.14±2.26 mg/dL), our results are Fig 3. Effects of fructose supplementation on systolic blood pressure and heart volume. (3A) Systolic blood pressure was measure at age 8 weeks (n = 8 for both FF and C). (3B) Heart volume was measured at age 9 and 15 weeks; at age 9 weeks n = 8 for both C and FF rats, at age 15 weeks n = 7 for both groups. FF: fructose supplemented; C: control. Statistical values: *<0.05, **<0.01, ***<0.001.
doi:10.1371/journal.pone.0146821.g003 [26] : 82+/-2mg/dL), but also with studies using a fructose enriched diet (Patel et al. 2009 [25] , Fructose fed rats: 109.8+/-1.8mg/dL; Silva et al [26] , Fructose fed rats: 92+/-2mg/dL). During OGTT, insulin levels were measured concomitantly with glycemia (Fig 1C and 1D) . Fructose supplemented rats, both after 6 and 12 weeks of the special diet, showed higher insulin levels when compared to control groups, indicating that 6 weeks of fructose supplementation is sufficient to induce insulin resistance in Wistar rats. This observation is supported by the results of both HOMA 2-IR [12] and ISI-gly [13] . Indeed, HOMA 2-IR, calculated from fasting values of glucose and insulin, provides a better information on hepatic insulin sensitivity [27] . A HOMA 2-IR higher than 1.85 is sufficient to define insulin resistance [28] . After 12 weeks of fructose supplementation FF rats are insulin resistant with an HOMA IR equal to 2.87±0.43. On the other hand ISI-gly is calculated from OGTT data (glucose and insulin levels) and is considered to be a whole body/peripheral insulin sensitivity index [29] . Isi-gly, unlike HOMA 2-IR does not possess defined cut-off values. However, a lower ISI-gly value indicates reduced insulin sensitivity. In our study ISI-gly is lowered as early as after 6 weeks of fructose supplementation compared to the control diet (FF: 0.21±0.02 vs. C: 0.37±0.10, p<0.05) but also after 12 weeks of fructose supplementation (FF: 0.076±0.0069 vs. C: 0.113±0.009, p<0.01). These two markers indicate that after 6 weeks of fructose supplementation rats were only less sensitive towards insulin, but after 12 weeks of fructose supplementation rats were insulin resistant (Fig 2A and 2B) .
In addition to the T2D signs, fructose supplementation also induced some metabolic syndrome markers. Indeed, in our study fructose supplementation generates weight gain (Table 1) but only after 12 weeks of fructose enriched diet. No effect of fructose supplementation has been observed on weight gain at age 9 weeks. Interestingly, the increased energy intake observed in FF rats was mainly due to fructose supplementation and not to food intake (S1 Fig). Although this was observed during the entire protocol period, weight gain was only reported at the end of this time.
Metabolic syndrome signs include dyslipidemia. While well documented in Sprague Dawley rats, dyslipidemia does not appear to be constantly induced by fructose supplementation in Wistar rats. Indeed, studies vary regarding variations in lipid levels. Some indicated a higher cholesterol and an unchanged triglycerides level [30] , while others showed the contrary [9] [31], and some observed no variation in lipid levels [32] . In our study, neither triglycerides nor total cholesterol have been significantly modified (Table 1) . In our study, the NEFA level has only a trend to increase in fructose supplemented, rats (p = 0.054). This observation is not in concordance with the general knowledge about NEFA. Elevated plasma NEFA are also correlated with numerous metabolic and cardiovascular markers such as impaired endothelial function, higher blood pressure [33] , as well as T2D in humans [34] . NEFA bound to plasma albumin and is transported mainly to the liver, where they are the main substrate for triglyceride synthesis [33] . From lipid levels, we measured different ratios, only the Total Cholesterol/ Triglycerides ratio, increased at age 9 weeks with fructose supplementation. The total Cholesterol/Triglycerides ratio can be used to predict the presence of small dense LDL: the higher the ratio, the higher the presence of small dense LDL [16] and thus the higher the risk of cardiovascular disease [35] . Surprisingly, it did not remain the same later (age 15 weeks). This can be explained by the fact that at age 9 weeks Triglycerides seemed to be higher under fructose supplementation while Total Cholesterol levels remained unchanged. Opposite variations seemed to be observed at age 15 weeks. The other two measured ratios (NEFA/Albumin, NEFA/cholesterol) remained unchanged in all conditions (Table 1) . Our result is surprising as fructose is already known to induce dyslipidemia both in human and Sprague Dawley rats [4] , [5] .
However, Wistar rats are less sensitive towards T2D than Sprague-Dawley rats [9, 10] and may need a longer duration and/or higher concentrated fructose supplementation to develop dislypidemia. Indeed, in Silva et al. study [26] , 10% of fructose in the drink for 18 weeks induced dislipidemia, just as 35% for 30 days in Thornburn et al. study [36] .
Systolic blood pressure is also higher in the early days of fructose supplementation (Fig 3) , another symptom of metabolic syndrome. Fructose supplementation also increased heart volume for the entire duration of the study. Although blood pressure has not been measured at the end of the study, higher heart volume observed at this time can result from higher blood pressure [37] ; [38] . Thus it may be possible to suggest that systolic blood pressure is also increased at the end of 12 weeks of fructose supplementation. However, further studies are needed to confirm this hypothesis. Renal function was studied to determine whether the higher blood pressure was related to renal failure. For this purpose theoretical creatinine clearance was calculated using the Cockcroft and Gault formula, as it has already been used in rats [18] . However, unlike for Munich-Wistar rats, there is no baseline data for Wistar rats, values vary from one study to another: from 0.2mL/min [18] to 3.25mL/min [39] . Thus, we only compared our control group to our Fructose enriched group. As fructose supplemented rats have a higher (9 weeks old) or an equal (15 weeks old) theoretical creatinine clearance, the systolic blood pressure rise observed at age 8 weeks does not seem to be related to renal failure. According to Elliott et al [5] , fructose enriched diet increased blood pressure, however its mechanism remains unknown.
As for antioxidant enzyme activities, all the measured enzymes have a different pattern regarding fructose supplementation. GPx activity remained unchanged for the duration of the study in every studied tissue. SOD was increased both in the left ventricle and gastrocnemius at all ages. CAT activity level was increased only in the gastrocnemius at age 15 weeks. T2D is already known to negatively impact the antioxidant system inducing harmful consequences (such as lipid peroxydation or DNA mutation) [40] ; [41] . It has been shown that T2D induces increased reactive oxygen species (ROS) levels. However, the antioxidant enzyme activities vary from one study to another: some showed a decrease in antioxidant enzyme activities levels [42] ; [43] , while others have shown an increase [44] ; [45] . In our study, the progressive development of T2D induced the progressive increase of the antioxidant enzyme activities (SOD then CAT).
Conclusion
Fructose supplementation (20-25% w/v for 12 weeks) in Wistar rats induced progressive development of some metabolic syndrome markers (hypertension and increased body weight) as well as an insulin resistance. Thus our 12 week diet enabled us to study the first few steps leading to T2D. Longer diet duration should lead to T2D. The originality of our model is the use of a fructose-enriched diet close to the actual consumption of young children. Further studies in this animal model should help to better understand metabolic syndrome and type 2 diabetes consequences and their prevention.
Supporting Information S1 Fig. Effects of fructose supplementation on energy (A) and food intake (B). FF: fructose supplemented; C: control. From age 4 to 9 weeks n = 16 rats for both groups, from age 9 to 15 weeks n = 8 rats for both groups. Statistical values:
Ã p<0.05, ÃÃ p<0.01, ÃÃÃ p<0.001.
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